A flow injection analysis (FIA) of phosphorus using coprecipitation with beryllium hydroxide was performed. An on-line preliminary concentration method using a filter tube was developed and this method was applied to the determination of phosphorus in steel. Phosphorus was coprecipitated with beryllium hydroxide by increasing the pH of the medium in the flow tube, and the precipitate was collected with the filter tube (pore size: 1.0 mm, inner diameter: 1.0 mm, length: 7 cm). The precipitate collected was eluted with an acid. The resulting eluate was allowed to react with ammonium molybdate in the presence of antimony, and was then reduced with ascorbic acid. The amount of the phosphorus-antimony-molybdenum ternary complex thus formed was determined spectro-photometrically to be 890 nm. Concentration was performed for 10 min at a flow rate of 0.75 mL/min and the acid used for elution was 1 M HNO 3 . During sample preparation, matrix iron was reduced with sodium hydrogen sulfite and masked with EDTA. The concentration process yielded a sensitivity of analysis about 25 times higher than that of conventional methods. In 0.03 g of steel sample, the method proposed here gave measurements equivalent to those of the phosphorus contents in standard steel samples , and were thus in good agreement with the guaranteed values. The possible range of phosphorus determination is from 0.0021 to 0.017 % in steels.
Introduction
The presence of phosphorus in steel embrittles the metal at low temperatures and sometimes causes cracks when it is welded. However, in certain cases, phosphorus is added to steel to raise its corrosion resistance. Since phosphorus affects the characteristics of steel in both ways, the determination of phosphorus content in steel with high accuracy is necessary. However, flame atomic absorption spectroscopy and ICP-AES, both said to be highly sensitive, are not sensitive enough for phosphorus (their detection limits are 100 ppm and 30 ppb, respectively). 1) Instead, highly sensitive spectrophotometric methods using Molybdenum Blue [2] [3] [4] [5] [6] [7] and Malachite Green 3, 8) are generally used to analyse steel. Determination of extremely small amounts of phosphorus, hardly achievable by these spectrophotometric methods alone, needs the use of such separation and concentration methods as coprecipitation, 2, 8) solvent extraction, 9) collection with membrane filter, 10) and ion exchange 11) in the analysis. To measure phosphorus content in steel by the concentration method, one analytical procedure uses the Molybdenum Blue method after coprecipitation with beryllium and concentration. Adopted as the JIS method, this process is excellent applied to steel samples with phosphorus contents higher than 0.005 % and lower than 0.5 % without being inhibited by W contained in the sample. 12) Nevertheless, this is not a rapid analytical method because it is a batch method, allowing only two determinations per hour. For the rapid determination of phosphorus in steel, the authors attempted in the present study to introduce our reaction system into FIA. To cover sensitivity deficiencies arising from a shortened reaction time, the authors also examined an on-line coprecipitation and concentration method using the adsorption of phosphorus on beryllium hydroxide precipitates formed in a Teflon (PTFE) filter tube included in the system as a concentration method adaptable to FIA. Finally, the authors applied the newly developed analytical method to steel samples and obtained good results to be reported in this paper.
Experimental

Reagents
Standard phosphorus solution (1 000 ppm): Standard solution for atomic absorption spectroscopy (Kanto Chemicals) was used after being diluted at each use.
Antimony solution (1 000 ppm): Standard solution for atomic absorption spectroscopy (Wako Pure Chemicals) was used as the stock solution.
Beryllium solution (1 000 ppm): Beryllium sulfate (BeSO 4 · 4H 2 O, 1.970 g, Wako Pure Chemicals) was dissolved in water to make the final volume 100 mL. Ammonia solution: Reagent grade 28 % aqueous ammonia (Wako Pure Chemicals) was diluted with water to 100 mL.
Sodium hydrogen sulfite solution (2.1 w/v%): Reagent grade sodium hydrogen sulfite (2.1 g, Wako Pure Chemicals) was dissolved in water to give the final volume 100 mL.
EDTA solution (0.4 w/v%): Reagent grade Na 2 EDTA · 2H 2 O (0.4 g, Dojin Chemicals) was dissolved in a mixture of 2.5 mL of the aqueous ammonia and 10 mL of water. Phosphorus contained in the EDTA solution was removed through coprecipitation with beryllium effected by the addition of 1 mL of the beryllium solution (10 000 ppm) and separation. The filtrate was diluted with water to make the volume 100 mL.
Nitric acid, perchloric acid, and hydrobromic acid were of reagent grade (Wako Pure Chemicals). Pure iron (99.9 %, Soekawa Rikagaku) was used after being confirmed that it contained no phosphorus.
Apparatuses
Absorbance was measured with a Shimadzu UV-VIS detector SPD-10AV VP. A thermostat (Chemical Reaction Box CRB · 6A, Shimadzu), a double-plunger pump (SP · D-3202U, Nihon Seimitsu Kagaku), a pH meter (HM-20E, Toa Dempa), and a Sartorius electronic microbalance (M3P) were used in this work. All flow tubes used were made from Teflon (inner diameter: 0.5 mm, Chuko Kasei). ICP-AES measurements were performed with a sequential type plasma emission analyzer (ICPS-7500, Shimadzu). Figure 1 shows the flow system used in this study. A, B, C, E, and G flow tubes are assigned, respectively, to 1 M nitric acid as carrier and eluant, a mixed solution of ammonium molybdate and antimony as coloring agent, ascorbic acid solution as reducing agent, a mixed solution of phosphorus and beryllium, and aqueous ammonia as pH adjusting agent. The flow rate is given in the figure.
Analytical Procedure
Flow System
Analysis without concentration process: The sample loop (S: 400 mL) is filled with phosphorus sample solution. Injector I 1 is turned to flow tube A so that the carrier flows through it. Into this flow is added the coloring agent (B) and the reducing agent (C); the mixture is then heated with the reaction coil (RC). After the mixture passes through the cooling coil (CC), its absorbance at 890nm is measured.
Analysis with concentration process: Flow tubes E and G are connected with each other to cause the formation of beryllium hydroxide precipitates onto which phosphorus adsorbs in the flow. The solution containing the coprecipitates is sent to the Teflon filter tube to be filtered. The filtrate is discarded. After being collected for a given time in the tube, the coprecipitates are eluted with the eluant coming through flow tube A connected to injector I 2 . The eluate is then mixed with the coloring agent (B) and the reducing agent (C) and heated with the reaction coil (RC). After passing through the cooling coil (CC), the mixture is analyzed by measuring the absorbance at 890 nm of the phosphorus-antimony-molybdenum ternary complex in it. For the determination of phosphorus by FIA, two or three flow tubes are generally used in the conventional methods. 3, 4, 7, 13) Although our new analytical method employs five flow tubes, it is not troublesome because two of them are for concentration.
Preparation of Steel Sample Solution
A steel sample (0.03 g) is weighed accurately with the electronic balance and dissolved in 5 mL of 6 M HNO 3 with heating. To the resultant solution is added 10 mL of the perchloric acid solution and the mixture is covered with a watch glass. Heating is continued until white perchloric acid smoke is generated. After cooling, the watch glass is removed, 1 mL of the hydrobromic acid solution is added to the mixture, which is then heated to dryness to remove arsenic as arsenic tribromide. After the residue salt is cooled, 25 mL of 0.2 M sodium hydrogen sulfite solution is added to dissolve the salt, and the solution is heated for 5 min. After cooling, 50 mL of 0.4 % EDTA solution is added to the above solution. The resultant solution is heated for 15 min after its pH is adjusted to 4Ϯ0.1 with addition of aqueous ammonia and dilute nitric acid. This solution is transferred to a 100 mL measuring flask after being cooled and 5 mL of beryllium solution (1 000 ppm) is added to it. The volume of the solution is then adjusted to a given value. Figure 2 shows the results obtained by the batch method on the effect of pH when the complex is formed. In the pH range 0.1-2.5, the result of the phosphorus sample measurement exhibited a maximum absorbance at around pH 1.5, whereas the blank value started to rise from pH 1.0. The increase of the blank value above pH 1.0 is presumably due to the reduction of Mo(VI) to Mo(V) in the absence of phosphorus to give the blue color. 14) A quite strong acid is necessary to dissolve the precipitate and separate it from the Teflon filter tube. Thus, 1 M HNO 3 was chosen as the carrier and the eluant to facilitate blank suppression. As a consequence, the pH in RC was adjusted to 0.5 since the carrier acid reacted with the ammonium molybdate and the ascorbic acid.
Results and Discussion
Conditions for Detecting P 4.1.1. Effect of Reaction pH
Effect of Coloring Agent Concentration
The effect of coloring agent concentration for ammonium molybdate was examined in the concentration range 1.0 ϫ10 Ϫ3 -1.5ϫ10
Ϫ2 M (Fig. 3) . Although a concentration above 1.5ϫ10 Ϫ2 M is required for good coloring, it is close to the solubility limit and may cause clogging of the line. The concentration of 2.5ϫ10
Ϫ3 M was finally chosen and this makes the final agent concentration 5ϫ10 Ϫ4 M.
Choice of Reducing Agent
It is known that the reduction rate and the stability of the molybdenum complex depend on the identity of the reducing agent used. 14) Ascorbic acid and stannous chloride are most widely used in conventional determinations of phosphorus by FIA. In order to check which reducing agent is suitable for our method, the optimum concentrations were determined for the two agents. The results indicated that stannous chloride is about 2.5 times more sensitive than ascorbic acid. However, ascorbic acid was chosen in this study because stannous chloride was inferior to ascorbic acid in reproducibility, and caused adsorption on the inner surface of the cell in a spectrophotometer and Teflon tube used in the flow system. Figure 4 shows the results of the effect of ascorbic acid concentration on the absorbance in the concentration range 2.8ϫ10 Ϫ4 -1.6ϫ10 Ϫ2 M. The net absorbance leveled off above 3.0ϫ10
Ϫ3 M, and a concentration of 1.5ϫ10 Ϫ2 M was chosen to avoid a deficiency of the reducing agent (final concentration: 3ϫ10 Ϫ3 M).
Effect of Reaction Coil Temperature
The effect of the reaction coil temperature was examined between 80 and 100°C, and the results showed that the absorbance increases with a rising temperature. However, 90°C was chosen as the reaction coil temperature because, though a 2 m long cooling coil was used, bubble generation made the measurement difficult. In conventional FIA analyses, 80°C, 3) 90°C, 4) and 140°C 7, 13) are used.
Effect of Antimony Concentration
Since FIA using the Molybdenum Blue method allows completion of the measurement in a short time, the degree of reduction is insufficient. This leads to inadequate degree of sensitivity.
Meanwhile, reports have been published on the formation of a ternary complex and the progress of the reduction produced by an addition of antimony(III) to phosphorus- molybdenum. The effect of antimony addition has also been studied in FIA as well as in the batch method. 3, 5) We also examined the effect of antimony concentration by a batch method. Our results showed that the effect almost leveled off above 4 ppm. Antimony was then added to an ammonium molybdate solution so that its concentration was 50 ppm in the solution (final concentration in FIA: 10 ppm). Figure 5 shows the calibration curve obtained using the above conditions, together with the curve obtained when no antimony was added. Antimony addition increased a the sensitivity about 15 times. The measurement wavelength (at maximum absorbance) shifted from 790 to 890 nm due to the formation of the ternary complex.
Filter Tube Collection Using Beryllium Hydroxide Precipitation 4.2.1. Teflon Filter Tube
A Teflon filter tube (Asahi Glass) used in this study for precipitate filtration is generally used both in gas separation and, in the flow method, in the separation of ammonia from aqueous solution and solvent extraction.
First, we examined the structure of the Teflon filter tube. The pore size of the Teflon filter tube is 1.0 mm and its inner diameter is 1.0 mm. Figure 6(a) shows the case where the valve is opened at the time of concentration, and then the filtrate is discharged. Afterward, the valve is closed, and the injector is turned to the flow tube so that the eluant flows into the Teflon filter tube. Figure 6 (b) illustrates is the case in which, in contrast to (a), the tip of the filter tube is closed with an epoxy resin adhesive to make opening-closing of the valve unnecessary. Here, the efficiency of precipitate collection is improved, and the washing time is shortened, because the eluant moves to the detector after passing along the wall of the tube.
Collection Efficiency
The efficiency of coprecipitate collection using the filter tube in Fig.6(b) was examined by performing practical concentration operations and measuring the phosphorus concentration in the filtrate. The measurement was conducted with ICP-AES. The coprecipitate formed from a solution containing 10 ppm of phosphorus and 50 ppm of beryllium was separated from the solution by filtration. The filtrate was then concentrated and analyzed. It was found to contain 550 ppb of phosphorus and 2.45 ppm of beryllium, meaning that 94.5 % of phosphorus contained in the initial solution was collected.
Choice of Beryllium Concentration
The concentration of beryllium used for the coprecipitant in the process of concentration was studied (Fig. 7) . The use of beryllium at high concentration in the Molybdenum Blue method is undesirable since it is toxic. Hence, a concentration of 50 ppm was chosen because it gave a high enough sensitivity.
Effect of Phosphorus Solution Flow Rate in Con-
centration Process When the phosphorus solution flow rate was increased and concentration time held constant, the absorbance in the concentration process increased in a linear relation (Fig. 8) . Similar results were obtained when the concentration time was increased keeping the phosphorus solution flow rate constant. However, prolonged concentration time is disadvantageous in view of the frequency of analyses. Finally, a concentration time of 10 min and a flow rate of 0.75 mL/ min, or, for increased frequencies of analyses, 5 min and 1.5mL/min respectively were chosen in this work. 
Preparation of Calibration Curve
Detection Profile
With the use of the concentrating operation as shown in Fig. 9 , two peaks were found on the elution curve obtained in the measurement. The first peak could be ascribed to the difference in the refractive index between aqueous ammonia and nitric acid carrier in the filter tube, 15) while the second peak, appearing after a delay, is due to the phosphorus. Five minutes were necessary for the absorbance to return to the baseline. Although an attempt was made to construct a calibration curve using the area below the elution curve instead of the peak height, the peak's breadth removed any advantage in so doing.
Analysis of Steel Sample
In order to adapt our method to steel sample analysis, the sample used for the calibration curve construction was pure iron (99.9 %) and the sample solution was prepared according to the method described in 3.2. No peak was found for the sample without added phosphorus, and hence the pure iron used was verified to be phosphorus-free. The calibration curve prepared at a flow rate of 0.75 mL/min and a concentration time of 10 min was linear with a correlation coefficient of 0.998 in a range of 0-50 ppb (absorbance: 0.805 for 50 ppb P). The possible range of determination is from 6.2 ppb (0.0021 % in steels) to 50 ppb (0.017 %). The detection limit (3S b , nϭ7) of phosphorus was 2.1 ppb. When compared with the batch method, this method, with the concentrating process included, increased the sensitivity about 25 times. The steel samples used were carbon steel (JSS 061-6), steels only for phosphorus determination (JSS-230-5 and JSS 231-4), and chromium-molybdenum steel (JSS-501-5). The chromium in the chromium-molybdenum steel sample was first oxidized to dichromic acid with perchloric acid, followed by an addition of hydrochloric acid, and then removed as chromium dichloridedioxide through evaporation. Table 1 lists the results of the analysis. Good agreement was observed between the results obtained by the method presented here and the guaranteed contents of phosphorus in the JSS standard samples.
Effect of Coexisting Elements
The effect of coexisting elements was examined at a phosphorus concentration of 50 ppb with the addition of various metal ions ( Table 2 ). The coprecipitant was 50 ppm Be(II) and the concentration time was 10 min. Even when present at a concentration 200 times as high as that of phosphorus, Ca(II), Mo(VI), Ni(II), Pb(II), Si(IV), V(V), and Zn(II) showed no effect on the P signal within a variation in peak height of Ϯ5 %. Al(III), Co(II), Cr(VI), Cu(II), Ge(IV), and W(VI) produced an increase in the P signal, while As(III), Fe(III), Mg(II), Mn(II), and Ti(IV) gave a decrease. Since our procedure uses the Molybdenum Blue method, As(V), Si(IV), Ge(IV), and W(VI) are considered to be likely elements to interfere positively with the phosphorus analysis. Like P(V), As(V) forms heteropolyacids with a molybdic acid and shows a positive effect on the P signal even in minute amounts. Our analysis shows that if As(V) is reduced to As(III), its effect can be completely eliminated. An attempt was then made to eliminate arsenic inhibition by reducing As(V) to arsenious acid with Na 2 S 2 O 3 . The attempt revealed, however, that the presence of As(III) in an amount 8 times that of P(V) shows a negative interference. Removal of arsenic by evaporation as AsBr 5 in our analysis would therefore be suitable for samples containing large amounts of the element. Like P(V), Si(IV) also interfered with phosphorus analysis through the formation of heteropolyacids, but only P(V) could be collected on the precipitate. Even if Si(IV) was present in a large amount, the peak due to Si(IV) and that due to P(V) (the second peak) could be separated from each other on the elution curve even for amounts of Si(IV) 200 times as high as that of P(V).
Ge(IV) likewise forms heteropolyacids but no effect was found up to an amount 20 times that of P(V). While W(VI) and Mo(VI) form heteropolyacids with P(V) and gave a positive interference when present at amounts 20 times that of P(V), this amount could be brought in the allowable range by performing a concentrating operation with Be(II) as coprecipitant. The coprecipitates were eluted after washing them with 0.5 M aqueous ammonia, followed by an absorbance measurement.
The presence of Fe(III) and Ti(IV) caused a tailing of the peak with a decrease in the peak height, showing a negative interference. The allowable amounts of Fe(III) and Ti(IV) were 20 and 10 times that of P(V), respectively. Masking is necessary in the analysis of steel sample since iron matrix shows similar interferences. Because Fe(III) was reduced to Fe(II) and then masked by EDTA, enough masking seems to be achieved in our analysis, and no peak tailing was observed in practical steel sample analyses. Up to an amount 5ϫ10 4 times that of P(V), Fe(II) did not interfere with the determination of P(V) by the proposed method.
Frequency of Analyses
This method needs 10 min for concentration, 5 min for elution, measurement, and washing of the filter tube, and 2 min for making the liquid in the filter tube alkaline with aqueous ammonia for the next measurement. Thus, it needs a total of 17 min for each analysis, and about 3.5 analyses per hour can be performed. If the concentration time is reduced to 5 min, the frequency increases to 5 per hour, an improvement on the value of 2-3 achieved by the batch method.
